ABSTRACT
INTRODUCTION
Medium-voltage (MV) network has the highest impact on reliability in electricity distribution, because more than 90 % of the customer-experienced outages are caused by MV networks. This motivates to search for better methods to distribute electricity. One of the most interesting renovation techniques for rural area networks is MV underground (UG) cabling. So far, MV underground cabling has not been an economical solution in rural areas because of long distances and rather low loads [1] .
The situation has changed in the past few years, because power quality has been adopted in the form of reliability into economic regulation, and therefore outages (short and long ones) have become an actual cost component (€/interruption, €/h) for distribution companies [2] . The latest research shows that from the viewpoint of long-term costs (investments, losses, outages), cabling can be a reasonable solution in rural areas. However, it is significant how the cabling strategy is carried out. The effects on reliability indices (e.g. SAIFI and SAIDI) and costs differ considerably depending on the cabling strategy [3] .
The paramount benefit of cabling is the improvement of reliability in the MV networks. Cabling prevents faults caused by storms, and while the climate change increases the amount of interruptions in overhead networks, it does not have an influence on the cable networks. A remarkable incentive for network renovation is the overall ageing of the network infrastructure. In the next few years, a vast renovation process is required in the overhead line networks, because most of the wooden poles have been installed in the 1960s and 1970s, and they are now approaching the end of their life cycle. Figure 1 includes information of the ageing of poles in a rural area Finnish distribution company. 
CABLING IN RENOVATION
Cabling is a feasible method in electricity network renovation not only in urban areas but also in rural areas. Overhead (OH) lines are more exposed to faults than cable networks. So far, cabling has been used almost solely in urban areas, but improved cable materials and cabling techniques have now increased its profitability also in rural areas. New techniques have a positive impact on the cabling costs, which in turn have a great influence on the total costs.
Renovation can be addressed by three main questions: 1) Where in the network will the renovation be started? 2) How is the renovation carried out? The oldest part of the network first, or priority to the most unreliable parts? Or simply starting from the beginning of the feeder? 3) When is the renovation made and what is the scope of the renovation (cabling)?
The first question in the renovation is: Where is the work started and which are the substation and the feeder to be renovated? The length of a MV network can be thousands of kilometers in one electricity network company. It is important to find out where are the most profitable targets. Reliability of the network, requirements for the use, demand for the transferable power and the age and structure of the network determine the form of the renovation. Cabling has to be Prague, The next step in the renovation process is to consider whether the whole MV feeder is cabled at once or is the cabling carried out gradually step by step. The decision of the cabling method may have a significant influence here. If cabling is started at the beginning of the feeder, it is easier to carry on to the end of the feeder. If the target is to renovate the network step by step, timing of the actions has a more significant role. In that case, the moment of renovation can be optimized with a techno-economical analysis. Compared with the step-bystep method, a benefit of cabling at one go is that the reliability in the renovated area or feeder improves considerably; but then, it has to be considered whether it is reasonable to invest so much to a single feeder. A further benefit of full-scale cabling is that the costs [€/km] are lower because the operation is carried out in wider areas.
An extra challenge in cabling is the long lifetime of underground cables, a lifetime of 50 years being quite common. This means that in the load analyses, attention has to be paid to the appropriate selection of the cable cross-section. A long investment period also makes the profitability analysis more difficult. Cost analyses have to be carried out separately for every year.
These challenges generate a basis for optimization, in which the aim is to minimize the lifetime costs of the network. The optimized function for total costs is written now:
where Ctot = total lifetime costs of network C = costs in one year t = time T = lifetime
The costs of cabling in year t can be presented as follows:
( )
where Cinv = investment costs Cmain = maintenance costs Cout = outage costs Cpre = present value of the network to be renovated x = node that will be cabled in the network The investment costs can be divided as follows: 
Solution of the design assignment
A renovation analysis consists of the following steps: information gathering, network modeling, determination of the renovation methods, calculation and analysis of the results and distribution characteristics. Figure 2 presents the renovation process. In the first step, it is determined how accurately the costs of the distribution network can be analyzed. The accuracy of the network data decides the method of analysis. In network modeling, there are first only separate sections of network that should be gathered together to create a model for a complete network. Without a complete network structure, many simplifications have to be made for the network.
An important point in renovation is to choose the suitable methods for developing the network. In this step, it has to be decided which are the first network sections to be renovated in the process. Now the network is ready for calculation and analysis. The impacts of renovation on the characteristics of the network can be analyzed in closer examinations.
CABLING STRATEGIES
Cabling provides many different opportunities for electricity network renovation. Strategies considered in this paper are full-scale cabling (A), cabling with rolling strategy (B), cabling started from the oldest part of the network (C) and cabling started from the most unreliable part of the network (D). In addition, the impact of investments on the reliability indices (SAIFI and SAIDI) has been investigated.
In each strategy excluding strategy A, network renovation is implemented so that annual investments in the reference period are equal. Renovation costs comprise the price of cable, excavation, earth fault compensation, cable terminals and costs of satellite transformers. It is assumed that the price of excavation is 9000 €/km, which corresponds to excavation in easy conditions. Because of cost-effectiveness, it is assumed that cabling has been performed only in good conditions and when the ground (soil) is suitable.
The studies have been made for 20 kV feeder presented in Figure 3 . The investment time is 10 a or 20 a depending on the cabling strategy, and the cabling rate is 0 % before the studies. The amounts of investments that have been considered to the network are depending on the replacement value (RV) of the present network. Investments compared with the RV are varied from 50 % to 250 % and the cabling rates after investments are from 13 % to 100 % ( Table 1) . Table 1 . Strategies and investments compared with the replacement value of the network and cabling rates after investments. 
A) Full-scale underground cabling
Full-scale cabling of the MV feeder is not a common renovation form in rural areas. The reason for this is economical; investment costs of UG cables have been remarkably higher than those of overhead lines. If only reliability is considered, full-scale cabling is the best solution because the fault rates are lowest. Line sections that are renovated first are located at the beginning of the feeder. The best results in reliability can be achieved when forest-located vulnerable overhead lines are replaced with UG cables. In the case network, SAIFI decreases by 75 % from 2.4 fault/customer to 0.6 fault/customer and SAIDI decreases by 81 % from 2.1 h/customer to 0.4 h/customer with full-scale cabling. These numbers are difficult to reach without fullscale UG cabling.
B) UG cabling with rolling technique
In the rolling technique, cabling is started from the beginning of the feeder continuing to the end. In the studies, the polemounted switchgear (circuit breaker) is placed in the junction point of the cable and the old overhead line. This improves power quality (reliability) at the beginning of the feeder in the areas where cabling has been completed. Rolling technique is a useful strategy if a remarkable amount of load and customers are at the beginning of the feeder, because in this case they are the first who benefit from cabling. Figure 4 shows the principle of the method.
In the case area, SAIFI decreases with this method by 41 % from 2.4 fault/customer to 1.4 fault/customer and SAIDI by 38 % from 2.1 h/customer to 1.3 h/customer. The placement and transfer of remote-controlled switchgear play a significant role for the success of the rolling strategy. 
C) Cabling of the aged part of the network
This strategy is best applicable to the feeders that are significantly aged and have problems with distribution reliability. The renovation focuses on the line sections where the network age exceeds the techno-economical life-time of the components. By that way, the present network value of the feeder can be rapidly increased. If these oldest network sections are also the worst from the reliability point of view, also the power quality will be improved by the renovation. In this case, the network SAIFI decreases by 62 % from 2.4 fault/customer to 1.4 fault/customer and SAIDI by 38 % from 2.1 h/customer to 1.3 h/customer.
D) Cabling of the most unreliable line sections
In this strategy, all renovation actions are primarily focused on the line sections that are in forests or in other unreliable line paths. Renovation benefits all the customers in the feeder. In addition to this, another priority is to allocate investments to old overhead lines. This strategy is suitable especially for those feeders that have good reliability at the beginning of the Prague, 
E) Cabling and network automation combination
In this strategy, automation consists of switchgears and remote-controlled disconnectors. Network automation provides an opportunity to utilize cabling with lower total costs. One reason for this is that it is possible to split the network into smaller protection zones, and it is not necessary to cable as much as without automation. This can be seen especially in feeders that include large consumption centers. With this strategy, the same fault level as in the other cabling strategies can be reached with less investments. When the total investments are about half of the strategies B, C and D, SAIFI has decreased by 50 % from 2.4 fault/customer to 1.2 fault/customer and SAIDI by 48 % from 2.1 h/customer to 1.1 h/customer.
Results
The studies are based on actual network data of a Finnish rural area distribution company. The profitability of the strategies has been analyzed in different time scales (from 5 years up to 40 years). The development of SAIDI in all the investigated strategies is gathered to Figure 5 . Investments in the strategies A and E are made in 10 years and in the strategies B, C and D in 20 years. The total investments are the same as in Table 1 . The effects on reliability indices and customer-experienced outages differ greatly depending on how the strategy is eventually implemented. For instance, the SAIDI factor can be decreased by 30 % in the first year in the strategy E. Reaching the same SAIDI level with the full-scale underground cabling strategy takes several years and considerably more investment money.
If the reduced fault time is compared with the invested money, the results are as shown in Figure 6 . The invested money has been proportioned so that every strategy alternative has the same amount of money that is 1 M€. The result of the strategy analysis is that the strategy E seems to be the most cost-effective when the fault time decreases by 120 min/1M€. The strategy D has about half of the reduction minutes compared with the strategy E. In this study, it is important to notice that the greatest reduction of fault time in E comes from the beginning of the renovation and the proportional share of reduction minutes becomes smaller if the investments are continued. This can be seen in Figure 5 .
CONCLUSIONS
Considering large-scale cabling strategies in a rural area, it is rational to allocate investments quite accurately to targets where faults are most common. Further, it is advisable to determine separately for each case whether there is a need to apply other methods, such as network automation, to improve reliability. The results of the full-scale cabling strategy are quite pessimistic, because the volume advantage of investments was not taken into account in the study as lower unit prices compared with other strategies. From this point of view, the issue should be studied further.
